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Infection with human cytomegalovirus (HCMV) results in complex interactions between viral and cellular
factors which perturb many cellular functions. HCMV is known to target the cell cycle, cellular transcription,
and immunoregulation, and it is believed that this optimizes the cellular environment for viral DNA replication
during productive infection or during carriage in the latently infected host. Here, we show that HCMV infection
also prevents external signaling to the cell by disrupting the function of TNFRI, the 55-kDa receptor for tumor
necrosis factor alpha (TNF-�), one of the receptors for a potent cytokine involved in eliciting a wide spectrum
of cellular responses, including antiviral responses. HCMV infection of fully permissive differentiated mono-
cytic cell lines and U373 cells resulted in a reduction in cell surface expression of TNFRI. The reduction
appeared to be due to relocalization of TNFRI from the cell surface and was reflected in the elimination of
TNF-�-induced Jun kinase activity. Analysis of specific phases of infection suggested that viral early gene
products were responsible for this relocalization. However, a mutant HCMV in which all viral gene products
known to be involved in down-regulation of major histocompatibility complex (MHC) class I were deleted still
resulted in relocalization of TNFRI. Consequently, TNFRI relocalization by HCMV appears to be mediated by
a novel viral early function not involved in down-regulation of cell surface MHC class I expression. We suggest
that upon infection, HCMV isolates the cell from host-mediated signals, forcing the cell to respond only to
virus-specific signals which optimize the cell for virus production and effect proviral responses from bystander
cells.

Human cytomegalovirus (HCMV), like all herpesviruses,
can establish lifelong persistence after primary infection. In
contrast to primary infection which is generally asymptomatic,
reactivation of the virus, particularly in the immunocompro-
mised, often results in life-threatening disease (18). During
productive infection, HCMV undergoes a regulated cascade of
viral gene expression. These phases have been operationally
defined as immediate-early (IE), early, and late. IE gene prod-
ucts, the major transcripts of which map to the major IE region
of the genome and generate the major IE72 and IE86 families
of proteins, play a pivotal role in regulating the expression of
early and late viral genes as well as regulating cellular gene
expression (45). Early and late viral gene products include viral
functions associated with viral DNA replication and virus pack-
aging.

Like other DNA viruses, the ability of HCMV to perturb
normal cellular functions is well established. Virus infection
can induce changes in cellular gene expression immediately
upon binding (7, 43, 49). Similarly, expression of the viral IE
and early genes also results in their physical and functional
interactions with cellular factors, resulting in perturbation of
cellular transcription, cell cycle, and expression of secreted
chemokines and cytokines (15, 34). Virus-induced changes in
levels of cellular transcription factors have been related to

transcriptional activation of viral and cellular genes required
during infection, and virus-mediated disruption of cell cycle
control is believed to optimize the cellular environment for
viral DNA replication.

HCMV infection is known to inhibit killing by cytotoxic T
cells by down-regulating cell surface expression of major his-
tocompatibility complex (MHC) class I by a variety of specific
mechanisms (3, 5, 47). HCMV infection is also known to reg-
ulate cell expression of MHC class II (9, 23). Similarly, other
cell surface proteins associated with peptide processing have
been shown to be down-regulated during HCMV infection,
although the relevance of this is not yet known (36). Fairley et
al. have recently shown that HCMV infection also results in
down-regulation of epidermal growth factor receptor (13). In
this study, we show that HCMV infection also results in the
perturbation of the small 55-kDa tumor necrosis factor alpha
(TNF-�) receptor (TNFRI), suggesting that down-regulation
of cell receptors that mediate a variety of cell signals resulting
in the elimination of receptor-mediated cell signaling may
be a common occurrence during HCMV infection. Through
TNFRI, TNF-� elicits a wide range of biological effects. It is a
major mediator of apoptosis as well as inflammation and im-
munity and has been implicated in a wide range of human
diseases (11). Binding of TNF-� to TNFRI activates several
signal transduction pathways which ultimately result in the
induction of two major transcription factors, NF-�B and c-Jun.
These factors play major roles in the control of cell prolifera-
tion, differentiation, and programmed cell death (11).

In addition to these effects on cellular functions, TNF-� is
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known to be able to prevent replication of DNA and RNA
viruses in some systems (20). Conversely, TNF-� can also aid
virus infection by promoting viral gene expression and produc-
tive infection (19). In the case of HCMV, virus infection has
been shown to activate TNF-� expression (12, 38). However,
TNF-� has been shown to activate or inhibit viral IE gene
expression, depending on the differentiation state of monocytic
cells, such that in differentiated, permissive cells, the HCMV
major IE promoter is strongly inhibited by TNF-� (16, 40).
Also, TNF-� has been shown to inhibit virus production in
certain HCMV-infected cell types (4, 10). Clearly, TNF-� has
profound effects on cells. Consequently, the ability of HCMV
to prevent the infected cell from responding to TNF-mediated
signals from the host yet at the same time inducing TNF-�
expression in order, perhaps, to differentially influence unin-
fected bystander cells might be a logical strategy for the virus.
We believe that such virus-mediated down-regulation of cell
surface TNFRI expression prevents the cell from responding
to a potent cellular cytokine that might initiate signals that
conflict with virus-induced signals required to optimize the
cellular milieu for productive infection.

MATERIALS AND METHODS

Cells and viruses. HFF 5 (primary human fibroblasts) were maintained in
Eagle’s minimal essential medium (MEM) containing 10% fetal calf serum at
37oC and in 5% CO2. THP1 cells, a myelomonocytic cell line which can be
differentiated with phorbol myristate acetate to a macrophage phenotype with
subsequent permissiveness for HCMV infection (48), were cultured in RPMI 10
medium at 37°C and in 5% CO2. U373 cells, a glioblastoma cell line fully
permissive for HCMV infection, were maintained in Eagle’s MEM containing
10% fetal calf serum at 37°C and in 5% CO2. Infection with HCMV (AD169),
UV-inactivated virus, or a recombinant AD169 deletion virus missing IRS1 to
US9 and US11 (26) have been described previously (44). Green fluorescent
protein (GFP)-tagged HCMV was a generous gift of Richard Greaves and has
been described previously (35).

To analyze IE expression specifically, cells were pretreated with cycloheximide
(50 �g/ml) for 3 h before virus adherence and for 3 h during virus adherence.
After this adherence period, virus and cycloheximide were washed off the cells,
and infection was allowed to progress for 3 h in the absence of cycloheximide.
After this time, actinomycin D (20 �g/ml) was added for a further 14 h. To inhibit
viral late gene expression, cells were infected in the continual presence of the
viral DNA polymerase inhibitor phosphonoformate (100 �g/ml).

Fluorescence-activated cell sorting (FACS) analysis and immunofluorescence.
For indirect immunofluorescence, approximately 5 � 104 U373 cells per well
were seeded on eight-well slides (Nunc) and infected with HCMV at 1 to 5
PFU/cell. Cells were fixed in 4% paraformaldehyde for 15 min and then perme-
abilized in 1% Triton X-100 in phosphate-buffered saline for 5 min. For dual
staining, cells were stained with a mouse monoclonal antibody to TNFRI (R&D
Systems) or an immunoglobulin G1 (IgG1) isotype-matched control antibody
(R&D Systems) and detected using phycoerythrin (PE)-conjugated sheep anti-
mouse immunoglobulins. Cells were then incubated with a fluorescein isothio-
cyanate (FITC)-conjugated mouse monoclonal antibody against both IE72 and
IE86 (anti-IE72/IE86 monoclonal antibody) (Biosys) or a FITC-conjugated IgG1
isotype-matched control antibody (R&D Systems).

For triple staining to codetect trans-Golgi network (TGN), TNFRI, and
HCMV IE proteins, GFP-tagged HCMV was used to infect U373 cells. Cells
were then fixed and stained with a mouse anti-TNFRI antibody (R&D Systems)
or IgG1 control immunoglobulins, and these antibodies were detected using
7-amino-4-methylcoumarin-3-acetic acid (AMCA)-conjugated rabbit anti-mouse
immunoglobulins. Following this, staining of the TGN with a sheep anti-TGN46
monoclonal antibody (Chemicon) or sheep control immunoglobulins (Sigma)
was detected using Alexafluor 594-conjugated donkey anti-sheep immunoglobu-
lins.

For FACS analyses, unfixed infected or control cells were stained with an
anti-TNFRI antibody (R&D Systems) or IgG1 isotype-matched control anti-
body, and this antibody was detected with PE-conjugated rabbit anti-mouse
immunoglobulins. If cells were infected with AD169 or RV798, an aliquot of

each cell population was fixed as described above and stained with a FITC-
conjugated mouse anti-IE72/IE86 antibody (Biosys) to determine the level of
HCMV infection. Alternatively, if cells were infected with GFP-tagged HCMV,
IE expression was detected by analysis of GFP levels. Cells were analyzed using
a Becton Dickinson FACsort.

For FACS analysis of fixed cells, fixed and permeabilized infected or control
cells were stained with a goat anti-TNFRI (R&D Systems) or goat control
immunoglobulins (Santa Cruz) which were detected using PE-conjugated donkey
anti-goat immunoglobulins.

Cell surface MHC class I expression was determined using a PE-conjugated
mouse anti-HLA class I A, B, and C (IgG1) or PE-conjugated isotype-matched
control antibody (R&D Systems).

For FACS analysis of TNFRI on THP1 cells, differentiated THP1 cells were
infected with GFP-tagged HCMV, TNFRI was analyzed with a mouse anti-
TNFRI antibody (R&D) or IgG1 isotype-matched control antibody, and these
antibodies were detected with PE-conjugated sheep anti-mouse immunoglobu-
lins.

TNF-� assays. TNF-� release from infected cells was analyzed in an L929
bioassay (30). Briefly, supernatants from infected or uninfected cells or control
medium with and without TNF-� was added to L929 mouse cells in 96-well
microtiter plates and incubated for 12 h at 37°C. Cells were stained for 10 min
with 0.5% crystal violet in methanol-water (1:4) and then treated with 33% acetic
acid to solubilize the crystal violet indicator. Absorbance was read at 580 nm
using an enzyme-linked immunosorbent assay plate reader. To ensure that the
cytotoxicity observed was due to TNF-�, cell supernatants were also treated with
15 �g of anti-TNFRI antibody or control antibody per ml for 30 min prior to
assay.

JNK assays. Glutathione S-transferase (GST) and GST-Jun fusion proteins on
glutathione-Sepharose beads were prepared as previously described (8) and used
as targets for Jun kinase (JNK), also as previously described (22). Briefly, U373
cells were infected overnight with 5 PFU of HCMV (AD169) per cell. Infected
or uninfected control cells were treated with 10 ng of TNF-� per ml for 10 min
and then quickly lysed in EBCN (200 mM NaCl, 10 mM NaF, 250 mM Na3VO4,
50 mM Tris-HCl [pH 8.0], and 0.5% NP-40) (8). Cell extracts were incubated
with 200 ng of GST-Jun or GST on glutathione-Sepharose beads for 4 h at 4°C.
After the glutathione beads were washed three times with EBCN, the beads were
washed once in kinase buffer (22) and then incubated for 30 min in kinase buffer
containing 5 �Ci of [�-32P]ATP at 30°C. After three washes in kinase buffer, the
glutathione beads were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis followed by autoradiography.

Radiolabeled detection of TNF-� binding. A total of 107 uninfected or infected
cells were harvested 15 h postinfection using trypsin-free dissociation medium
and resuspended in binding medium (RPMI cell culture medium with 20 mM
HEPES [pH 7.5], 0.1% fetal calf serum, and 125I-labeled TNF-�). TNF-� binding
was analyzed as previously described (2).

RESULTS

HCMV infection decreases cell surface expression of TNFRI
in monocytic cells. It has puzzled us that HCMV infection of
monocytic cells is known to induce TNF-� (12, 38) but that
TNF-� is also known to inhibit HCMV production in some cell
types (4, 10) and repress the HCMV major IE promoter in
permissive differentiated cells (16, 40). Consequently, we ini-
tially asked whether HCMV infection had any effect on the
expression of TNFRI in infected monocytic cell lines.

First, we confirmed that differentiated THP1 cells expressed
high levels of TNFRI. Figure 1A clearly shows that, as ex-
pected, mock-infected cells show extensive specific cell surface
staining of TNFRI. To allow us to stain live infected cells for
cell surface TNFRI, we infected differentiated THP1 cells with
a GFP-tagged HCMV. Infection of differentiated THP1 cells
with this GFP-tagged virus was inefficient, resulting in only
about 2 to 5% infection. Nevertheless, infected cells clearly
showed differences in levels of TNFRI expression. For in-
stance, despite the higher background nonspecific staining of
the infected cells within this population (a well-established
phenomenon on HCMV infection of myeloid cells), cell sur-
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face TNFRI was clearly reduced on infected cells (Fig. 1B,
panel d). In contrast, the noninfected cells within this popula-
tion showed no reduction in cell surface TNFRI (Fig. 1B, panel
c). This also argues that reduction in cell surface TNFRI is
specific to the infected cell and does not occur on uninfected
bystander cells in the population.

We also confirmed this observation using indirect immuno-
fluorescence after infection of differentiated THP1 cells with
GFP-tagged HCMV (data not shown).

HCMV infection of U373 cells also results in decreases in
cell surface TNFRI. The extremely low levels of infection of
differentiated THP1 cells with GFP-tagged HCMV precluded
a thorough analysis of this virus-mediated reduction of TNFRI
in this cell type and led us to test other fully permissive cell
types for HCMV-mediated reduction of TNFRI. As the basis
of our analysis was to address how infected cells that release
TNF-� were apparently immune to TNF-�-mediated antiviral
effects, it was important for us to use a cell type that, upon

infection, exhibited biological properties with respect to the
release of TNF-� that were similar to the properties of THP1
cells. Consequently, we tested whether HCMV (HFF) infec-
tion of two other fully permissive cell types, fibroblasts and
U373 cells, also resulted in release of TNF-�. Figure 2 shows
that, consistent with previous analyses (33), HCMV infection
of fibroblast cells does not induce TNF-�. In contrast, infection
of U373 cells clearly results in release of levels of TNF-�
similar to that seen upon infection of THP1 cells. In this assay,
killing of L929 cells was clearly mediated by TNF-�, as prein-
cubation of target L929 cells with anti-TNFRI antibody dras-
tically reduced L929 cell death induced by virus-infected cell
supernatants.

Consequently, we next tested whether infection of U373
cells also resulted in a decrease in cell surface expression of
TNFRI (Fig. 3). Although U373 cells expressed lower levels of
cell surface TNFRI than THP1 cells did, Fig. 3b clearly shows
that, as with infected THP1 cells, infection of U373 cells with

FIG. 1. HCMV decreases cell surface TNFRI expression in THP1 cells. (A) Uninfected THP1 cells (CON) were stained with a PE-conjugated
control antibody (a) or anti-TNFRI antibody (b) as detailed in Materials and Methods. Cells were analyzed by FACS for TNFRI (FL2) and
GFP-IE (FL1) staining. The data from the dot plots shown in panels a and b are also presented as a histogram plot (c), with control antibody
staining shown by the shaded area and anti-TNFRI antibody staining shown by the white area. (B) THP1 cells infected overnight with GFP-tagged
HCMV (5 PFU/cell) were stained with a PE-conjugated control antibody (a) or anti-TNFRI antibody (b) as detailed in Materials and Methods.
Cells were analyzed by FACS for TNFRI (FL2) and GFP-IE (FL1) staining. The data from the dot plots shown in panels a and b are also presented
as a histogram plot where the specific staining for TNFRI in the uninfected cells in the population is shown as R1 versus R2 (c), and the specific
staining for TNFRI in the infected cells in the population is shown as R3 versus R4 (d). In both these histogram plots, control antibody staining
is shown by the shaded area, and anti-TNFRI antibody staining is shown by the white area.
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GFP-tagged HCMV resulted in a substantial decrease in cell
surface staining with an anti-TNFRI antibody. Interestingly,
infection with UV-inactivated virus had little or no effect on
cell surface expression of TNFRI (Fig. 3 c), arguing that this
effect was due to viral gene expression and not just virus bind-
ing.

Viral gene products associated with perturbation of MHC
class I expression are not involved in relocalization of TNFRI.
HCMV infection of fibroblasts has already been shown to
result in the inhibition in cell surface expression of MHC class
I (1, 28, 29). These elegant experiments have shown that viral
gene products encoded in the region of the viral genome from
US2 to US11 are able to down-regulate cell surface expression
of cellular MHC class I by a variety of mechanisms (26). These
viral genes are believed to play an important role in immune
avoidance of infected cells by cytotoxic T cells (27–29, 31, 39).
Figure 4A shows that infection of fibroblast cells with a recom-
binant HCMV with US2 to US11 deleted (RV798), encom-
passing all viral gene products known to be involved in MHC
class I down-regulation (26), was still able to down-regulate
expression of cell surface expression of TNFRI (Fig. 4A, panel
b), even though it was unable to inhibit cell surface class I
expression, as expected (26) (Fig. 4B, panel c). Consequently,
inhibition of cell surface expression of TNFRI by HCMV ap-
pears to be mediated by a novel viral function not involved with
the well-documented down-regulation of cell surface MHC
class I.

HCMV reduces TNF-� binding to infected cells. To confirm
down-regulation of cell surface TNFRI, we directly tested for
binding of TNF-� in uninfected and infected cells using radio-
labeled TNF-�. However, the observation that U373 cells ac-
tually released TNF-� precluded the use of these cells for this

FIG. 2. U373 cells and monocytic cells release TNF-� upon infec-
tion with HCMV. Using an L929 bioassay, supernatants from unin-
fected and infected U373, HFF, and THP1 cells were assayed for
release of TNF-�. Supernatants were also treated with anti-TNFRI
antibody to ensure that the killing observed was TNF-� specific. L929
cells were also treated with purified TNF-� (20 ng/ml) alone. In all
cases, values were corrected for any killing observed with control medium.

FIG. 3. HCMV down-regulates cell surface TNFRI expression on U373 cells. Uninfected control (CON) U373 cells (a and d), U373 cells
infected overnight with GFP-tagged HCMV (5 PFU/cell) (b and e), or U373 cells infected with UV-inactivated GFP-tagged HCMV (c and f) were
stained with a PE-conjugated anti-TNFRI antibody (white area) or a PE-conjugated, isotype-matched control antibody (shaded area) and analyzed
by FACS for TNFRI staining (FL2) or GFP-IE staining (FL1).
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assay, as it could be argued that any decrease in radiolabeled
TNF-� binding to infected cells could be due to competition
between the radiolabeled TNF-� and the TNF-� released from
the infected cells. Consequently, we performed these experi-
ments in fibroblast cells which do not release TNF-� upon
infection (33) (Fig. 2) but do express TNFRI (32). In these
experiments, radioiodinated TNF-� was added to uninfected
or HCMV-infected fibroblast cells in the presence or absence
of cold TNF-� competitor. Figure 5 shows that fibroblast cells
bind TNF-�, as expected (bar 1). In contrast, cells infected
overnight with HCMV show clearly reduced levels of TNF-�
binding (bar 3). The binding of the radiolabeled TNF-� is
specific, as assays performed in the presence of cold TNF-�
show a specific inhibition of binding (bars 2 and 4). This is
entirely consistent with a reduction of functional cell surface
TNFRI. The fact that the reduction of TNF-� binding by
HCMV infection is only partial is almost certainly due to the

FIG. 4. HCMV deletions devoid of all MHC class I down-regulating genes still down-regulateTNFRI. (A) Uninfected control (CON) U373
cells (a and d), U373 cells infected overnight with AD169 (5 PFU/cell) (b and e), or U373 cells infected with RV798 (c and f) were stained with
a PE-conjugated anti-TNFRI antibody (white area) or a PE-conjugated isotype-matched control antibody (shaded area) and analyzed by FACS
for TNFRI staining (FL2) (a, b, and c). A small aliquot of each population was also fixed and stained for viral IE expression (d, e, and f). (B) A
small aliquot of all the unfixed cell populations shown in panel A were also stained with a PE-conjugated antibody specific for MHC class I (white
area) or with a PE-conjugated isotype-matched control (shaded area) and analyzed by FACS for cell surface MHC class I expression.

FIG. 5. HCMV infection reduces levels of TNF-� binding. Unin-
fected fibroblasts (bars 1 and 2) or fibroblasts infected with AD169 (5
PFU/cell) (bars 3 and 4) were incubated with radiolabeled TNF-�
without cold competitor TNF-� (bars 1 and 3) or with 300-fold excess
(bars 2 and 4) of TNF-� cold competitor.
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fact that TNFRII, which also binds TNF-� and is present on
fibroblasts (32), is not altered by HCMV infection (unpub-
lished observation).

HCMV infection results in relocalization of TNFRI. We next
investigated the mechanism by which HCMV infection re-
sulted in down-regulation of cell surface TNFRI. Intriguingly,
analysis of levels of TNFRI by immunoprecipitation of
[35S]methionine-labeled infected and uninfected cells showed
no overall decrease in the level of expression of TNFRI (data
not shown). Similarly, FACS analysis of TNFRI in fixed and
permeabilized cells (Fig. 6A) showed no decrease in the level
of total cellular expression of TNFRI, which would be con-
sistent with HCMV causing a relocalization of cell surface
TNFRI and not a decrease in overall TNFRI expression. To
confirm this, we analyzed TNFRI in uninfected and infected
cells by indirect immunofluorescence.

As expected, uninfected cells (Fig. 6B) show extensive cell
and cell surface staining of TNFRI consistent with the known
localization of TNFRI to the TGN as well as the cell surface
(25, 46). In contrast, infected cells positive for HCMV IE72
and IE86 antigens (Fig. 6B) showed little or no cell surface
staining and intense localization of TNFRI at the perinucleus,
reminiscent of the known changes in morphology of the TGN
in HCMV-infected cells (21, 42). Consequently, we analyzed
this further using a TGN-specific antibody. Figure 6C shows
that, as expected, in uninfected cells, staining for TNFRI and
the TGN colocalize, which is entirely consistent with the
known colocalization of TNFRI and TGN (25, 46). In infected
cells, the perinuclear staining of TNFRI also colocalized to the
TGN, again entirely consistent with the known relocalization
of TGN in HCMV-infected cells (21, 42) and the established
colocalization of TNFRI with TGN (25, 46). Consequently, it
appears that HCMV infection may result in incorrect traffick-
ing of TNFRI through the TGN to the cell surface. While it
could be suggested that the known changes in the morphology
of human fibroblast cells upon infection with HCMV, namely,
rounding up, could explain the apparent changes in the mor-
phology of the TGN upon infection, this is not the case for
infection of U373 cells, which show no major changes in mor-
phology upon HCMV infection (unpublished observations).

No such relocalization of TNFRI was observed using UV-
inactivated virus (Fig. 3 and data not shown), arguing that
soluble factors present in the viral inoculum or virus binding is
not responsible for this phenomenon.

HCMV early gene products appear to be responsible for
TNFRI relocalization. The fact that TNFRI relocalization oc-
curred as early as 15 h postinfection argued that viral IE or
early gene expression was responsible for relocalization of
TNFRI. To address this, we infected cells in the presence of
cycloheximide and actinomycin D as well as phosphonofor-
mate under conditions which prevented specific stages of viral
gene expression (Fig. 7). Figure 7A clearly shows that treating
cells with phosphonoformate to inhibit viral DNA replication
and hence viral late gene expression had no effect on TNFRI
relocalization. Consequently, it appeared that the viral func-
tions responsible for the relocalization of TNFRI were associ-
ated with viral IE or early gene expression. To investigate this
further, we performed cycloheximide block and release exper-
iments in the presence of actinomycin D to allow IE but not
early gene expression (Fig. 7B). In these experiments, no re-

localization of TNFRI was observed, not even in cells express-
ing IE72 or IE86, arguing that viral early gene expression was
responsible for receptor relocalization. As expected, treatment
with cycloheximide, actinomycin D, or phosphonoformate had
no effect on IE gene expression (Fig. 7A and B, panels a), and
cells treated with cycloheximide or actinomycin D did not
express UL44 and UL56 (viral early gene products) as deter-
mined by indirect immunofluorescence, confirming a lack of
viral early gene expression in these infected cells (data not
shown).

Consistent with our FACS analyses, RV798 had no effect on
the relocalization of TNFRI (Fig. 7C), arguing that early gene
products other than those associated with MHC class I down-
regulation were responsible for this TNFRI relocalization.

HCMV infection inhibits TNF-� induction of JNK. One
known effect of TNF-� is the induction of the JNK pathway,
resulting in phosphorylated c-Jun (11). It has already been
shown that HCMV infection itself has no effect on JNK activity
(24, 41). Consequently, if HCMV infection were to result in a
reduction in TNFRI, then we would predict that TNF-� induc-
tion of JNK activity would be blocked by HCMV infection.
Therefore, we analyzed the levels of JNK in TNF-�-treated
U373 cells after mock infection or infection with HCMV using
a GST-JNK assay (Fig. 8). Figure 8 clearly shows that, as
expected, TNF-� treatment of U373 cells results in increased
levels of JNK as detected by phosphorylation of GST-Jun sub-
strate (lane 4) and that infection with HCMV had little effect
on JNK activity (lane 7). In contrast, prior infection with
HCMV substantially reduced TNF-�-induced JNK (compare
lanes 4 and 8), which is entirely consistent with an HCMV-
mediated reduction in functional cell surface TNFRI.

DISCUSSION

The disruption of key cellular functions by viral gene prod-
ucts appears essential for viruses to optimize the cell for pro-
ductive infection, and this disruption often involves direct
physical and functional interactions between viral proteins and
key cellular regulatory proteins (15). Such interactions specif-
ically target cellular processes, such as cellular transcription,
cell cycle, immunomodulation, and regulation of chemokine
and cytokine gene expression, and this removes their normal
cellular control (15, 34).

One factor induced to high levels by HCMV infection is
TNF-� (12, 37). TNF-� is a pleiotropic cytokine involved in
inflammation and immunoregulation and has cytotoxic and
antiviral activities (14). It can stimulate or prevent cell prolif-
eration, depending on the cell type, and induce lysis of virus-
infected cells (20). Consequently, many viruses have developed
strategies to combat the effects of TNF-� (3). It seemed par-
adoxical to us, therefore, that HCMV would induce a powerful
chemokine which in differentiated, fully permissive cells has
been shown to repress HCMV IE gene expression (40) and
inhibit virus production (4, 10). However, our experiments
clearly show that, like other viruses, HCMV also prevents
TNF-� signaling and that this is mediated by a virus-induced
reduction of TNFRI from the cell surface. It is now well es-
tablished that TNFRI resides in the TGN and on the cell
surface (25, 46). Consequently, the observation that TNFRI
staining appears intensely localized only to the TGN and is not
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FIG. 6. Down-regulation of TNFRI by HCMV is due to receptor relocalization. (A) Uninfected control (CON) U373 cells (a and c) or U373
cells infected overnight with AD169 (5 PFU/cell) (b and d) were fixed and stained with a goat anti-TNFRI antibody (white area) or control goat
immunoglobulins (shaded area), and antibodies were detected with PE-conjugated donkey anti-goat immunoglobulins and analyzed by FACS (a
and b). A small aliquot of fixed cells were also stained for IE expression (c and d). (B) Cells were also analyzed by indirect immunofluorescence.
U373 cells on eight-well compartment slides were infected overnight with AD169 (1 PFU/cell). Slides were fixed and then stained with a mouse
monoclonal antibody to TNFRI or an IgG1 isotype-matched control antibody and detected using PE-conjugated sheep anti-mouse immunoglobu-
lins. Cells were then stained with a FITC-conjugated mouse anti-IE72/IE86 monoclonal antibody. A representative field of view from the infected
cell well that contains both infected and uninfected cell types is shown. IE staining is shown in panel a, TNFRI staining is shown in panel b, and
the merged images are shown in panel c. Control immunoglobulins showed no specific cross-staining (data not shown). (C) U373 cells on eight-well
compartment slides were infected overnight with GFP-tagged HCMV (1 PFU/cell). Slides were fixed and then stained with a mouse monoclonal
antibody to TNFRI or an IgG1 isotype-matched control antibody,and antibodies were detected using AMCA-conjugated rabbit anti-mouse
immunoglobulins. Cells were then stained with an anti-TGN46 antibody which was detected using Alexafluor 56-conjugated donkey anti-sheep
immunoglobulins. A representative field of view from the infected cell well that contains both an infected and uninfected cell type is shown. GFP-IE
staining (a), TNFRI staining (b), and TGN46 staining (c) are shown. Control immunoglobulins showed no specific cross-staining (data not shown).
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FIG. 7. HCMV early gene products are required for TNFRI relocalization. (A) U373 cells were seeded onto eight-well compartment slides and
infected with AD169 in the continual presence of phosphonoformate for 72 h (5 PFU/cell). Slides were fixed and then stained with a mouse
anti-TNFRI monoclonal antibody or with an IgG1 isotype-matched control antibody and detected using PE-conjugated sheep anti-mouse
immunoglobulins. Cells were then stained with a FITC-conjugated mouse anti-IE72/IE86 monoclonal antibody. A representative field of view from
the infected cell well that contains both infected and uninfected cell types is shown. IE staining is shown in panel a, TNFRI staining is shown in
panel b, and the merged images are shown in panel c. Control immunoglobulins showed no specific cross-staining (data not shown). (B) U373 cells
were seeded onto eight-well compartment slides and infected with AD169 (5 PFU/cell) in the presence of cycloheximide and actinomycin D to
permit only IE expression, as described in Materials and Methods. Slides were fixed and then stained with a mouse anti-TNFRI monoclonal
antibody or with an IgG1 isotype-matched control antibody and detected using PE-conjugated sheep anti-mouse immunoglobulins. Cells were then
stained with a FITC-conjugated mouse anti-IE72/IE86 monoclonal antibody. A representative field of view from the infected cell well that contains
both infected and uninfected cell types is shown. IE staining is shown in panel a, TNFRI staining is shown in panel b, and the merged images are
shown in panel c. Control immunoglobulins showed no specific cross-staining (data not shown). (C) U373 cells were seeded onto eight-well
compartment slides and infected overnight with RV798 (5 PFU/cell). Slides were fixed and then stained with a mouse anti-TNFRI monoclonal
antibody or an IgG1 isotype-matched control antibody and detected using PE-conjugated sheep anti-mouse immunoglobulins. Cells were then
stained with a FITC-conjugated mouse anti-IE72/IE86 monoclonal antibody. A representative field of view from the infected cell well that contains
both infected and uninfected cell types is shown. IE staining is shown in panel a, TNFRI staining is shown in panel b, and the merged images are
shown in panel c. Control immunoglobulins showed no specific cross-staining (data not shown).
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present on the surface of the infected cell suggests that the
viral gene products responsible for this perturbation of TNFRI
during infection may target trafficking of TNFRI. This is cur-
rently under investigation.

HCMV has recently been shown to encode a gene product
(UL37x1) that acts as an inhibitor of apoptosis and can prevent
TNF-�-mediated cell death by targeting the mitochondria,
similar to the antiapoptotic mechanism of Bcl-2 (17). However,
our data would also suggest that reduction of TNFRI early in
infection may play an important role in inhibition of apoptosis
and that HCMV uses more than one strategy to prevent the
cell from responding to such proapoptotic signals which may
change during the course of infection. It is interesting that,
recently, the HCMV UL144 reading frame of clinical isolates
of HCMV has been shown to encode a structural homolog of
a member of the TNFR superfamily (6). However, no known
ligand of the TNF family binds UL144, suggesting that it may
be constitutively active. It is therefore possible that HCMV
infection results in the expression of a viral TNFRI homolog
that mediates some, but not all, aspects of TNF-�-mediated
signaling and concomitantly induces down-regulation of cellu-
lar TNFRI to ensure that these viral signals are dominant.
Consistent with this, HCMV Toledo strain and clinical isolates
of HCMV also down-regulate TNFRI (data not shown).

We also confirmed this reduction of TNFRI cell surface
expression directly using radiolabeled TNF-� binding assays
and FACS analysis of TNFRI cell surface staining. Clearly, this
relocalization of TNFRI was dependent on viral gene expres-
sion, as UV-inactivated virus showed no such receptor relocal-
ization. Similarly, time course analysis and drug inhibition of
specific phases of infection suggested that viral early gene
products were responsible for this relocalization. Interestingly,
a viral deletion encompassing all viral gene products known to
be involved in down-regulation of cell surface MHC class I still
resulted in TNFRI relocalization. Consequently, it appears
that a novel early viral function that is not associated with this

well-documented down-regulation of MHC class I is responsi-
ble for TNFRI relocalization. Work is in progress to identify
the viral gene products responsible for this relocalization.

It is becoming increasingly clear that efficient productive
infection with HCMV is critically dependent on the ability of
the virus to express genes that optimize the cellular environ-
ment for virus production. These viral genes target specific
cellular functions and remove their normal control. We believe
that an important part of optimizing the cell for virus infection
involves the ability of the virus to isolate the infected cell from
host-specific signals. This forces the cell to ignore cellular sig-
nals and respond solely to viral signals which specifically opti-
mize the cellular environment for viral gene expression and
productive infection. An understanding of what mechanisms
are used by the virus to hijack the cell and modify its response
to cell signals will be important in fully understanding the
biology and pathogenesis of HCMV.
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